and Sec3, were found to localize to sites of membrane polarity by directing vesicle fusion to specific sites addition: the tips of small buds during cell division and along the plasma membrane. The complex may also the bud neck during cytokinesis (Finger and Novick, function in the nervous system, but its precise role is 1998; TerBush and Novick, 1995). A Sec3-GFP fusion unknown. We have investigated exocyst function in protein localized to the plasma membrane even when Drosophila with mutations in one member of the comother members of the exocyst complex were mutated, plex, sec5. Null alleles die as growth-arrested larvae, and this protein, therefore, may function as a spatial whose neuromuscular junctions fail to expand. In cullandmark for the site of exocytosis. ture, neurite outgrowth fails in sec5 mutants once maMuch less is known about the role of the exocyst ternal Sec5 is exhausted. Using a trafficking assay, complex in multicellular organisms. The mammalian we found impairments in the membrane addition of complex is expressed in both neuronal and nonneuronal newly synthesized proteins. In contrast, synaptic vesitissue (Hsu et al., 1996). In MDCK cells, the complex cle fusion was not impaired. Thus, Sec5 differentiates was observed at tight junctions, and antibodies to the between two forms of vesicle trafficking: trafficking complex member Sec8, when introduced into permefor cell growth and membrane protein insertion deabilized cells, partially blocked delivery of basal-lateral, pend on sec5, whereas transmitter secretion does not.
gastrulation of the embryo, precluding a more detailed analysis of the role of the complex (Friedrich et al., 1997).
In the present study, we have identified and characterized sec5 mutations in Drosophila in order to delineate the role of the protein in neurons and particularly at synapses. We find that this protein is required for many aspects of membrane traffic within neurons, including the elaboration of neurites, but that the release of neurotransmitter at the synapse is independent of this exocyst component. Thus, sec5 mutations reveal the presence of two mechanistically distinct forms of neuronal membrane traffic and demonstrate that not all proteins required for membrane addition in yeast are essential for synaptic vesicle fusion.
Results

Mapping of Drosophila sec5 and Identification of Mutations
To understand the role of the exocyst complex in synapse formation, we searched the Drosophila genome database for homologs to members of the rat exocyst complex (Hsu et al., 1996) . The genome contained only one isoform of each member of the exocyst complex. By in situ hybridization to polytene chromosomes, we identified preexisting chromosomal deficiencies that removed three members of the complex: sec5, sec6, and sec10 ( Figure 1A ). Df(2L)tim 02 and Df(2L)P22 removed the sec5 locus, which is located at 23F ( Figure 1B mentation groups were rescued with the P[Kpn] transgene. We sequenced the open reading frame of sec5 in all alleles from both of these complementation groups Maternally Contributed Sec5 Protein Is Depleted and found nonsense mutations in sec5 in alleles E10 in the Null Mutant by 72 hr AEL (R31 to STOP) and E13 (Q361 to STOP) from one compleEyes composed exclusively of cells homozygous for a mentation group, and we found no mutations in the mutation can be generated in an otherwise heterozycoding sequence of sec5 in alleles of the other complegous animal by means of mitotic recombination that is mentation group. induced during development of the eye disc (Stowers Allele E10, which contains an early stop codon in sec5, and Schwarz, 1999). When this method was applied to meets the genetic criterion for a null allele-either in either sec5 E10 or sec5
E13
, the eye was completely ablated combination with Df(2L)tim 02 or homozygous, it has the (data not shown). The presence of the P[Kpn] transgene same lethal phase. sec5 E10 mutants die within 96 hr of restored eye development in these flies, demonstrating egg laying, as morphologically first instar larvae. These that the cell lethality was due to the mutations in sec5 larvae hatch at the same time as their heterozygous and not to second site mutations on the chromosome. siblings, at approximately 24 hr after egg laying (AEL), This apparent requirement for sec5 in cell viability raised and their growth between 24 and 48 hr is comparable the question of why the homozygous null embryos deto that of wild-type larvae. However, sec5 E10 mutants do veloped and survived for up to 96 hr AEL. This survival not grow after 48 hr AEL and remain late first instar can be attributed to maternally deposited sec5 mRNA larvae, whereas by 96 hr AEL, wild-type larvae progress and protein. sec5 transcripts were present at rather constant levels throughout development, including the first to the early third instar stage. type, Sec5 protein levels remained constant relative to total protein between 24 and 96 hr AEL. At 24 hr, sec5
E10
Mouse polyclonal 5AL (raised against fusion protein 5A, aa 1-321; see Figure 1C ), mouse polyclonal 1RN homozygotes had ‫%92ف‬ of Sec5 protein (normalized) that was present in equivalently aged wild-type larvae (raised against fusion protein 1R, aa 634-894), and monoclonal 22A2 (raised against fusion protein 1R) each (p ϭ 0.02). By 48 hr AEL, when the growth of the larva ceased, the protein level in homozygous mutants had recognized a band of 100 kDa on immunoblots, consistent with the predicted mass of Drosophila Sec5. The dropped to 11% of the 24 hr control. Sec5 protein continued to decline thereafter, and by 72 or 96 hr the reintensity of the band was sharply decreased in homozygous null mutant larvae at 48 or 72 hr AEL, relative to maining Sec5 appeared almost completely gone (3% and 2.5% of the 24 hr control, respectively; p ϭ 0.03). heterozygous mutants from the same stock (Figure 2A ).
Crossreacting bands observed with either unpurified an-
The nearly complete absence of Sec5 in homozygous E10 alleles was confirmed by immunocytochemistry tiserum 5AL or 1RN were unaffected by the mutation, consistent with the identification of the 100 kDa band with monoclonal 22A2 ( Figure 2D ). While Sec5 immunoreactivity appeared to be present ubiquitously at low as the sole product of the sec5 locus.
The amount of maternally derived protein (maternal levels, within the nervous system, Sec5 was enriched in the neuropil, the synapse-rich region of the ventral contribution) remaining in sec5 E10 null mutants between hatching (24 hr AEL) and 96 hr AEL was quantified with nerve cord. In sec5 E10 mutants at 72 hr AEL, immunoreactivity was barely detectable. Thus, sec5 E10 larvae, beantibody 5AL on immunoblots by means of a fluoro- Figure 3A ). The number of synaptic boutons at the sec5 E10 homozygotes, the maternal contribution was suf-NMJ of muscles 6 and 7 was then determined with an ficient to allow the nervous system to form. The role of antibody to the synaptic vesicle marker Cysteine String the exocyst complex in neuronal vesicle trafficking could Protein (CSP). The bouton number at the wild-type NMJ thus be studied in a nervous system that had subseincreased 2.5-fold between 48 and 96 hr AEL, whereas quently run out of Sec5.
there was no change in the mutant ( Figure 3B ). By immuThe neuromuscular junction (NMJ) of Drosophila connocytochemistry, diffuse Sec5 staining was observed in sists of a string of boutons from a small number of axon segmental muscles 6 and 7 and along the nerves that branches that form a pattern characteristic for each innervate these fibers (data not shown). The presence muscle in each abdominal segment. In wild-type, the of Sec5 in the muscles, however, obscured the detection motor neuron first contacts the muscle at about 14 hr of Sec5 in the nerve terminals of the NMJ. AEL, and these contacts mature into synapses by 16-17 hr AEL. After hatching at 24 hr AEL, both the muscle and the motor neuron increase in size. In wild-type, the Sec5 Is Required for Neurite Extension The observed defect in muscle growth and bouton addisize of muscles increases 10-fold between first and third instar development, with a concurrent increase in syntion may reflect the inability of the muscle and nerve cells to insert new membrane. However, assayed in vivo, aptic bouton number (Schuster et al., 1996) . In sec5
E10
homozygous embryos, neuromuscular junctions develit was also possible that the failure of these cells to grow might be secondary to malnutrition of the animals, the op with an apparently normal morphology, and the NMJs the mutant to 13% of control (p ϭ 0.0003) ( Figure 6A ). Animals were costained with an anti-HRP antibody that sec5 Mutants Possess Defects in Vesicle Trafficking labels a surface antigen in all neurons so that the mCD8 To look directly for defects in membrane trafficking, an signal could be normalized to the surface area of the assay was developed that would allow for a determinacell ( Figure 5A ). The immunostaining for the HRP-like tion of the efficacy with which newly synthesized protein antigen appeared to decrease in the mutant, and this could be added to the neuronal surface in larvae in which could result from thinner axons or from a defect in the little or no Sec5 remained. To this end, the Geneswitch addition of the epitope to the surface. Normalization of system (Osterwalder et al., 2001) was used to activate CD8 surface staining to this parameter was therefore a reporter gene at 48 or 72 hr AEL. The neuron-specific conservative and may have underestimated the extent elav promoter was used to express the Geneswitch to which insertion of the CD8 reporter was impaired in product, an inactivated form of Gal4. Upon feeding larthe mutant. The loss of Sec5 reduced the surface mCD8 vae RU486, the Geneswitch is activated and can bind immunoreactivity to 17% of control (p ϭ 0.0002) when to an upstream activating sequence, or UAS, which renormalized to the HRP signal. Therefore, between 72 sults in transcriptional activation of the transgene. For and 84 hr AEL in sec5 E10 mutants, less of the newly this assay, a transmembrane protein, murine CD8 fused synthesized mCD8 is inserted at the membrane, demonto GFP at its cytoplasmic end, served as the reporter strating a defect in this membrane trafficking pathway. transgene. An anti-mCD8 antibody was used that recogThe difference between mutant and control cannot be nizes an extracellular epitope. In the absence of Triton attributed to the different ages of the animals (72 hr AEL X-100, this antibody will recognize exclusively the subfor sec5 E10 versus 48 hr AEL for ϩ/ϩ) because control set of the CD8 reporter gene that has been expressed larvae fed RU486 at 72 hr AEL also efficiently transported on the cell surface, whereas the GFP fluorescence will the mCD8 reporter to the plasma membrane (data not represent both surface and internal pools of the protein shown). (Figure 5A ). Larvae were fed RU486 for 12 hr, which Membrane traffic was also examined in the axons of successfully turned on the transgene. When dissected the bd neurons ( Figure 6B ). In the axons, the GFP signal and immunolabeled in the presence of Triton X-100, the was equivalent between mutant and control, demonstra-GFP signal colocalized with staining for mCD8 throughting that Sec5 was not required for axonal transport of out the cell. As expected, without detergent, mCD8 imthe CD8-containing vesicles. Similar to the cell soma, munolabeling was restricted to the cell surface (Fighowever , the surface mCD8 immunoreactivity was reure 5B).
duced to 13% of control (17% when normalized to HRP; sec5 E10 mutant larvae at 72 hr AEL were fed RU486 p ϭ 0.0002). In addition, the synaptic boutons of the NMJ were and compared with either similarly sized control larvae examined to analyze integral membrane protein inseraxon ( Figures 7A and 7C) . As with the CD8 transgene, Syt-GFP did not accumulate in the boutons of the sec5 E10 tion at the same nerve endings that had failed to increase with age ( Figure 3 ) and at which electrophysiological larvae ( Figure 7B ), though it accumulated as expected in ϩ/ϩ boutons. To locate the boutons, dissected larvae studies were conducted (see below). In these terminals, there was also a dramatic reduction in surface expreswere stained with anti-CSP. Several boutons from each animal were selected for quantifying the amount of GFP sion of mCD8 (11% of control, 19% normalized to HRP; p ϭ 0.002) (Figures 5H, 5I, and 6C) . Thus, in these termiat the synapse ( Figure 7C ). The Syt-GFP signal was reduced in the bouton to 5% of the ϩ/ϩ control (p ϭ nals, transport vesicles carrying the newly synthesized protein do not appear to fuse with the plasma mem-0.001), although CSP-immunolabeling did not significantly differ. Thus, in the absence of Sec5, vesicles brane. Interestingly, a decrease in GFP signal relative to control boutons was also observed, although the axons containing newly synthesized Syt-GFP are present along the length of the axon but are rarely seen in the entering the muscle had abundant GFP. It is likely, therefore, that transport vesicles that fail to fuse with the synaptic boutons of the NMJ. However, synaptic vesicles, visualized with antibodies either to Synaptotagmin membrane are not retained in the terminal but may return to the axon for retrograde transport.
(data not shown) or to CSP ( Figures 3C, 7B , and 7C), continue to be concentrated at the synapse. We conThe axonal transport of post-Golgi vesicles was examined further with a second reporter gene, a Synaptotagclude that the Syt-GFP-labeled vesicles fail to fuse with the membrane and are not retained in the mutant termin (Syt)-GFP fusion (Zhang et al., 2002) . RU486 was again fed to control larvae at 48 hr AEL and mutant minals. larvae at 72 hr AEL, and both were dissected 12 hr later. As with the mCD8 transgene, the axons of both mutant Synaptic Transmission Persists Despite Run Down of Sec5 Maternal Protein and control contained abundant Syt-GFP, at equivalent levels, demonstrating that there was no defect in synthe-
The ability of synapses to form in the homozygous mutant allowed us the opportunity to inquire whether the sis of the transgene or transport of vesicles along the (C) Quantitation of Syt-GFP in the axon (n ϭ 3 ϩ/ϩ, n ϭ 6 sec5 E10 larvae) and Syt-GFP and anti-CSP in the boutons (n ϭ 6 ϩ/ϩ, n ϭ 7 sec5 E10 ). The Syt-GFP intensity at the bouton is reduced in the mutant (p ϭ 0.01 after normalization to anti-CSP to account for any differences in bouton size). fusion of synaptic vesicles at the terminal was depenSurprisingly, synaptic transmission persisted during this period despite the decline in Sec5 protein ( Figure 8A ). dent on Sec5. Therefore, we examined the strength of synaptic transmission at the NMJ when the maternal At 96 hr AEL, although the size of the NMJ had not changed (Figure 3 ) and Sec5 protein represented 3% of contribution was no longer adequate to support other forms of membrane traffic. We recorded from wild-type control (Figure 2) , the evoked response was actually increased 2.5-fold over its amplitude at 48 hr. first instar larvae at 48 hr AEL, and sec5 E10 mutants at 48, 72, and 96 hr AEL. We compared mutants from these The amplitude and frequency of spontaneous synaptic events (mEJCs or minis) was examined. First instar three ages to 48 hr control larvae, because these mutants were comparable in muscle size and bouton numlarval muscles contain two populations of minis: fast, large events (Type 1) corresponding to synapses onto ber to the 48 hr control (Figure 3) . If synaptic vesicle fusion was dependent on Sec5, as was the incorporation the muscle cell from which the recording is made and slow, small events (Type II) that are passively propaof mCD8-containing transport vesicles into the terminal membrane, release per bouton would be expected to gated from nearby electrically coupled muscle cells (Ueda and Kidokoro, 1996). Only Type I events, discrimidecline over this period and to be negligible by 96 hr AEL. et al., 2000) . In sec5 mutants, the quantal potentials, and releasing neurotransmitter, and they content per bouton similarly increased (0.61 Ϯ 0.13 at were equally viable in culture. Instead, the likely mecha-48 hr; 1.24 Ϯ 0.37 at 96 hr; Figure 5C ). Therefore, despite nism for this deficit in cell growth was due to a specific the decline in Sec5 protein, sec5 mutants between 48 defect in membrane traffic, as revealed in the trafficking and 96 hr AEL secrete equivalent amounts of neuroassay with which we could follow the cell surface insertransmitter per bouton to wild-type animals throughout tion of a newly made transmembrane protein in first larval development. Finally, we found that the frequency instar larvae. Whereas endogenous proteins had inof minis is somewhat increased in the mutants between serted into the cell surface while the maternal contribu-48 and 96 hr AEL, although not significantly ( Figure 8D) . tion persisted, induced CD8-GFP was synthesized only The persistence of minis indicates that synaptic vesicle after the maternal contribution was no longer functionfusions that are not driven by action potentials can also ally adequate. CD8-GFP failed to accumulate in the persist at rates appropriate to the anatomical size of the plasma membrane. These dramatic phenotypes in memsynapse. In conclusion, these data demonstrate that brane addition are consistent with data in yeast, where sec5 is not required for the exocytosis of synaptic vesexocyst mutants fail to add new membrane during cell icles. division and accumulate vesicles in the presumptive daughter bud (Novick et al., 1980 (Novick et al., , 1981 .
Discussion
What step in membrane trafficking requires Sec5? Members of the exocyst complex have been shown to Within neurons, multiple pathways are known to transbe recruited to budding vesicles in the trans-Golgi netport proteins and transmitters to the cell surface. In work (Liljedahl et al., 2001), and antibodies to Sec6 and some cases, the exocytotic vesicles derive from the Sec8 are reported to interfere with the ability of these Golgi apparatus and consist of newly synthesized mateproteins to exit the Golgi (Yeaman et al., 2001 ). In the rials, while in others the vesicles derive from the plasma sec5 null mutants, however, we observed normal levels membrane and cycle locally. Another distinction that has of synthesis of the CD8 and Synaptotagmin-GFP conbeen drawn contrasts the constitutive and the regulated structs. They were both distributed throughout the cytopathways (Burgess and Kelly, 1987) to distinguish the plasm and transported down the axon with equal effiongoing transport of protein and lipid to the cell surface ciency to wild-type. The requirement for Sec5 would from the ability to secrete hormones and transmitters therefore appear to lie at a later step in membrane traffic, in response to specific stimuli. Subsequently, further most likely at docking to and fusion with the plasma distinctions in trafficking pathways have been invoked membrane. This finding is consistent with the phenotype to explain different forms of regulation and fusion at of exocyst mutants in yeast, where vesicles are approdifferent domains of the cell. Two important pathways priately transported into the bud but fail to fuse with the were examined in the current study: (1) a basic pathway membrane (Novick et al., 1980 (Novick et al., , 1981 . of exocytosis that brings new proteins to the cell surface In marked contrast to the arrest of growth and the and permits the cell to grow, and (2) synaptic transmisimpairment of the pathway for membrane protein addision, a specialized form of exocytosis, regulated by Ca 2ϩ tion, synaptic transmission continued to be robust. Each entry, in which vesicles already present at synapses action potential that arrived at the neuromuscular juncfuse with the membrane and recycle locally. tion of a 96 hr AEL sec5 E10 homozygous larva caused The mechanistic basis for these distinct pathways an average of 33 Ϯ 8 vesicles to fuse. Though Sec5 remains obscure. Presently, all membrane trafficking protein declined between 24 and 96 hr in these null steps are thought to possess a similar underlying mechmutants, the quantal content increased and, if anything, anism for membrane fusion, and yet clear distinctions in attained a level slightly higher than would be expected these trafficking steps must also occur. In many cases, for a junction with the observed number of boutons. synaptic transmission is thought to consist of the basic This persistence of vesicle fusion cannot be attributed exocytotic pathway with additional regulatory proto a residuum of maternally derived Sec5, as there were severe defects in the other assays conducted at these cesses superimposed. We have, in this study, found a times. At the same time point that the larvae are capable from the plasma membrane or through an endosome, may be independent of the exocyst complex ( Figure 8E ). of repeatedly secreting numerous synaptic vesicles, the lack of Sec5 so effectively prevented net membrane In this case, exocyst-independent fusions of endosomederived vesicles may occur at many places in the cell addition that almost no neurites could be extended and that little CD8 was successfully expressed on the cell and not just at synapses. However, TGN-derived vesicles, exemplified in our study by the CD8-GFP consurface. Thus, the synaptic response in larva lacking Sec5 would appear to derive from the combination of taining vesicles, would require the exocyst. It remains to be determined whether peptide-containing dense core a defect in neuronal growth and an unaltered capacity for synaptic vesicle fusion. The growth defect prevented vesicles, which fuse in a regulated manner like synaptic vesicles, but which, unlike synaptic vesicles, bud dithe creation of the normal number of boutons and release sites for a 96 hr animal; however, those boutons rectly off of the TGN, can fuse with the membrane in the absence of Sec5. A recent study ( 
